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SUMMARY 


Atmospheric monitoring programs show the level of carbon dioxide in the 
atmosphere has increased about 8% over the last twenty-five years and now 
stands at about 340 ppm. This observed increase is believed to be the con- 
tinuation of a trend which began in the middle of the last century with the 

' start of the Industrial Revolution. Fossil fuel combustion and the clearing 
of virgin forests (deforestation) are believed to be the primary anthropogenic 
contributors although the relative contribution of each is uncertain. 


The carbon dioxide content of the atmosphere is of concern since it can 
affect global climate. Carbon dioxide and other trace gases contained in 

the atmosphere such as water vapor, ozone, methane, carbon monoxide, oxides — 
of nitrogen, etc. absorb part of the infrared rays reradiated by the earth. 
This increase in absorbed energy warms the atmosphere inducing warming at the 
earth's surface. This phenomenon is referred to as the "greenhouse effect". 


Predictions of the climatological impact of a carbon dioxide induced 
-"greenhouse effect" draw upon various mathematical models to gauge the tem- 
perature increase. The scientific community generally discusses the impact 
in terms of doubling of the current carbon dioxide content in order to get 
beyond the noise level of the data. We estimate doubling could occur around 
the year 2090 based upon fossil fuel requirements projected in Exxon's long 
range energy outlook. The question of which predictions and which models best 
simulate a carbon dioxide induced climate change is still being debated by 
the scientific community. Our best estimate is that doubling of the current 
concentration could increase average global temperature by about 1.3 to 

3.1 C. The increase would not be uniform over the earth's surface with the 
polar caps likely to see temperature increases on the order of 10 ¢ and the 
equator little, if any, increase. 


Considerable uncertainty also surrounds the possible impact on society of such 
a warming trend, should it occur. At the low end of the predicted temperature 
range there could be some impact on agricultural growth and rainfall patterns 
which could be beneficial in some regions and detrimental in others. At the 
high end, some scientists suggest there could be considerable adverse impact 
including the flooding of some coastal land masses as a result of a rise in 
sea level due to melting of the Antarcti¢ ice sheet. Such an effect would 

not take place until centuries after a 3°C global average temperature 

increase actually occurred. 


There is currently no unambiguous scientific evidence that the earth is 


warming. If the earth is on a warming trend, we're not likely to detect it 
before 1995. This is about the earliest projection of when the temperature 
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might rise the 0.5° needed to get beyond the range of normal temperature 
fluctuations. On the other hand, if climate modeling uncertainties have 
exaggerated the temperature rise, it is possible that_a carbon dioxide induced 
"greenhouse effect" may not be detected until 2020 at the earliest. 


The "greenhouse effect" is not likely to cause substantial climatic changes 
until the average global temperature rises at least 1°C above today's levels. 
This could occur in the second to third quarter of the next century. However, 
there is concern among some scientific groups that once the effects are 
measurable, they might not be reversible and little could be done to correct 
the situation in the short term. Therefore, a number of environmental groups 
are calling for action now to prevent an undesirable future situation from 
developing. 


Mitigation of the "greenhouse effect" would require major reductions in fossil 
fuel combustion. Shifting between fossil fuels is not a feasible alternative 
because of limited long-term supply availability for cértain fuels although: 
oil does produce about 18% less carbon dioxide per Btu of heat released than 
coal, and gas about 32% less than oil. The energy outlook suggests synthetic 
fuels will have a negligible impact at least through the mid 21st century — 
“contributing less than 10% of the total carbon dioxide released from fossil 
fuel combustion by the year 2050. This low level includes the expected 
contribution from carbonate decomposition which occurs during shale oil 
recovery and assumes essentially no efficiency improvements in synthetic fuels 
- processes above those currently achievable. . 


Overall, the current outlook suggests potentially serious climate problems 
are not likely to occur until the late 21st century or perhaps beyond at 
projected energy demand rates. This should provide time to resolve uncertain- 
ties regarding the overall carbon cycle and the contribution of fossil fuel 
combustion as well as the role of the oceans as a reservoir for both heat and 
carbon dioxide. It should also allow time to better define the effect of 
carbon dioxide and other infrared absorbing gases on surface climate. Making 
Significant changes in energy consumption patterns now to deal with this 
potential problem amid all the scientific uncertainties would be premature in 
view of the severe impact such moves could have on the world's economies and 
societies. 
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CO, GREENHOUSE EFFECT 


Background 


The buildup of CO, in the atmosphere has been monitored continuously. at 

the National Oceaflic and Atmospheric Administration's (NOAA) Observatory at 
Mauna Loa, Hawaii, and periodically in other places since 1957. In addition 
to observing a trend between 1957-1979 that showed atmospheric CO, increasing 
from 315 to 337 ppm, Keeling and others also observed a seasonal Gariability 
ranging from 6 to 10 ppm between a low at the end of the summer growing season 
(due to photosynthesis) and a high at the end of winter (due to fossil fuel 
burning for heat, and biomass decay). There is little doubt that these obser= 
vations indicate a growth of atmospheric CO, (see Figure 1). It is also 
believed that the growth of atmospheric CO,”has been occurring since the | 
middle of the past century, i.e., coincident with the start of the Industrial 
Revolution. There is, however, great uncertainty as to whether the atmos- 
pheric CO, concentration prior to the Industrial Revolution (ca., 1850) was 
290-300 ppm which one would arrive at by assuming atmospheric CO growth is 

- due to fossil fuel burning and cement manufacturing, or 260-270 ppm based on 
carbon isotope measurements in tree rings. The information on CO, concentra- 
tion prior to 1850 is important because it would help establish the validity 
of climatic predictions with respect to the inception of a CO, induced 
"greenhouse effect". ‘ _ 


The "greenhouse effect" refers to the absorbtion by CO, and other trace 

gases contained in the atmosphere (such as water vapor, ozone, carbon monoxide, 
oxides of nitrogen, freons, and methane) of part of the infrared radiation 
which is reradiated by the earth. An increase in absorbed energy via this 
route would warm the earth's surface causing changes in climate affecting . 
atmospheric and ocean temperatures, rainfall patterns, soil moisture, and over 
centuries potentially melting the polar ice caps. 


Sources and Disposition of Atmospheric Carbon Dioxide - The Carbon Cycle 


The relative contributions of biomass oxidation (mainly due to deforestation) 
and fossil fuel combustion to the observed atmospheric CO, increase are 

not known. There are fairly good indications that the annual growth of 
atmospheric CO, is on the order of 2.5 to 3.0 Gt/a* of carbon and the net 
quantity of cafbon absorbed by the ocean is similarly 2.5 to 3 Gt/a. Thus, 
these two sinks (atmosphere and ocean) can account for the total fossil carbon 
burned (including 0.3 GtC/a**® from cement manufacturing) which is on the order 
of 5-6 Gt/a and does not allow much room for a net contribution of biomass 


*® Gt/a 


“gigatons per annum = 10? metrig tons per year. 
#® GtC/a 


gigatons carbon per annum = 10° metric tons of carbon per year. 
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carbon. Yet, highly respected scientists such as Woodwell, Bolin and others 
have postulated a net biomass contribution to atmospheric CO, that ranges 
from 1 to perhaps 8 Gt/a of carbon. During 1980, a number of different groups 
produced new estimates of the contribution of organic- terrestial fluxes to 
atmospheric CO.. A consensus has not been reached, but estimates of the 

net annual terrestial biosphere emissions to the atmosphere now range between 
a 4 GtC/a source and a 2 GtC/a sink. Figure 2 summarizes the fluxes and 
reservoirs for the carbon cycle. It should be noted that the net biosphere 
contribution was assumed to be 0-2 GtC/a. 


The rate of forest clearing has been estimated gt 0.5% to 1.5% per year of the 
existing area. Forests occupy about 50 x 10 km” out of about 150 x 10-km* of 
continental land, and store about 650 Gt of carbon. One can easily see that 
if 0.5% of the world's forests are cleared per year, this could contribute 
about 3.0 Gt/a of carbon to the atmosphere. Even if reforestation were 
contributing significantly to balancing the CO, from deforestation, the 
total carbon stored in new trees tends to be only a small fraction of the net 
carbon emitted. It should be noted, however, that the rate of forest clearing 
and reforestation are not known accurately at this time. If deforestation is 
indeed contributing to atmospheric CO., then another sink for carbon must be 
_ found, and the impact of fossil fuel must be considered in the context of such 
a.sink. 


The magnitude of the carbon fluxes shown in Figure 2 between.the atmosphere and 
_ the terrestial biosphere, and the atmosphere and the oceans are not precisely 
known. The flow of carbon between these reservoir pairs is generally assumed 
to have been in equilibrium prior to the Industrial Revolution. However, the 

. errors in the estimated magnitude of these major fluxes are probably larger 
than the magnitude of the estimated man-made carbon fluxes; i.e., fossil fuels 
and deforestation. The man-made fluxes are assumed to be the only ones that 
have disturbed the equilibrium that is believed to have existed before the 
Industrial Revolution, and they can be estimated independently of the major 
fluxes. The man-made carbon fluxes are balanced in Figure 2 between the known 
growth rate of atmospheric carbon and the oceans. The carbon flux to the 
atmosphere is 6Gt/a from fossil fuels and cement manufacturing (cement manu- 
facturing contributes about 4% of non-biosphere anthropogenic carbon) and 

2Gt/a from deforestation, while 4Gt/a return to the ocean, resulting in a 50% 
carbon retention rate in the atmosphere. One cannot rule out, in view of the 
inherent uncertainty of the major fluxes, that the biosphere may be a net sink 
and the oceans may absorb much less of the man-made cO.- 
Projections of scientists active in the area indicate that the contribution 
of deforestation, which may have been substantial in the past, will diminish 
in comparison to the expected rate of fossil fuel combustion in the future. 

A few years ago a number of scientists hypothesized that a doubling of the 
amount of carbon dioxide in the atmosphere could occur as early as 2035. This 
hypothesis is generally not acceptable anymore because of the global curtail- 
ment of fossil fuel usage. Calculations recently completed at Exxon Research 
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and Engineering Company using the energy projections from the:-Corporate 
Planning Department's 21st Century Study*, indicate that a doubling of the 
1979 atmospheric CO, concentration could occur at about 2090. If synthetic 
fuels are not devel6ped and fossil fuel needs are met.by new gas and petroleum 
discoveries, then the atmospheric CO, doubling time would be delayed by 
about 5 years to the late 2090's. igure 3 summarizes the projected growth 
of atmospheric CO. concentration based on the Exxon 21st Century Study-High 
Growth scenario, gs well as an estimate of the average global temperature 
increase which might then occur above the current temperature. It is now 
clear that the doubling time will occur much later in the future than pre- 
viously postulated because of the decreasing rate of fossil fuel usage due 
to lower demand. 


Description of Potential Impact on Weather, Climate, and Land Availability 


The most widely accepted calculations carried on thus far on the potential 
impact on climate of doubling the carbon dioxide content of the atmosphere 
use general circulation models (GCM) . These models indicate that an increase 
in global average temperature of 3° + 1.5 C is most likely. Such changes 

-in temperature are expected to occur with uneven geographic distribution with 

_ _ greater warming occurring at the higher latitudes, i.e., the polar regions. 

This is due to increased absorption of solar radiation energy on the darker 

_ polar surfaces that would become exposed when ice and snow cover melt due to 
increasing temperature (see Figure 4). There have been other calculations 
using radiative convective models and energy balance models which project 
average temperature increases on the order of 0.75 C for a doubling of 
CO.. These calculations are compared in Figure 5. Figure 6 summarizes 
poSsible temperature increases due to various changes in atmospheric CO, 
concentration. . = 


If the atmospheric CO, content had been 295 ppm prior to the Industrial 
Revolution, and an average global temperature increase above climate noise 

is detectable at the present time, this would add credibility to the general 
_circulation models. However, if the CO, concentration and been 265 ppm prior 
to the Industrial Revolution, then detecting a temperature effect of 0.5 C 
now would imply that the temperature for a doubling of CO, would be 1.9 C. 
The projected temperatures for both alternatives fall within the 7” + 1.5 C 
range. Temperature projections for alternate scenarios will be discussed 
later. 

Climate modeling was studied by a committee of the National Research Council, 
chaired by Jules G. Charney of MIT, and the conclusions are summarized in 


® The "21st Century Study" referred to here and in other places in this report 
has been superseded by a new energy study called the "2030 Study". The new 
study projects energy demands that are lower than the earlier figures, but 
not sufficiently different to change any of the conclusions of this report. 
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GROWTH OF ATMOSPHERIC CO2 AND AVERAGE. GLOBAL 
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Figure 4 


Temperature Change (°C) Due to 
Doubling COo Concentrations 


Basis: Computed by the U.S. National Oceanic and Atmospheric: Administration using their general circulation model. 
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Figure 5 
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The change in globally averaged surface air temperature resulting from a doubling of atmospheric CO, as given by a 


variety of radiative-convective, energy balance, and global circulation (GCM) models. (From W. L. Gates, Oregon 
State University Technical Report no. 4.) 
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Example of a scenario of possible soll moisture patterns on a warmer Earth. It it based on paleoclimatic reconstructions of the 

Altithermal Period (4500 to 8000 years ago), comparisons of recent warm and cold years in the Northern Hemisphere, and a 

climate model experiment. (For a discussion of these sources of Information see Appendix C.) Where two or more of these 
_ sources agree on the direction of the change we have indicated the area of agreement with a dashed line and a label. 
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their report titled, "Carbon Dioxide and Climate: A Scientific Assessment." 
This National Research Council study concluded that there are major uncertain- 
ties in these models in terms of the timing for a doubling of CO, and the 
resulting temperature increase. These uncertainties.center around the thermal 
capacity of the oceans. The oceans have been assumed to consist of a rela- 
tively thin, well mixed surface layer averaging about 70 meters in depth in 
most of the general circulation models, and the transfer of heat into the deep 
ocean is essentially infinitely slow. The Charney panel felt, however, that 
the amount of heat carried by the deep ocean has been under estimated and the 
oceans will slow the temperature increase due to doubling of atmospheric 

CO.. The Charney group estimated that the delay in heating resulting from 

thé effect of the oceans could delay the expected temperature increase due to 
a doubling of CO, by a few decades. Accordingly, the time when the tempera- 
ture increases discussed above are reached must be assumed to have occurred at 
an instantaneous equilibrium. 


Along with a temperature increase, other climatological changes are expected 
to occur including an uneven global distribution of increased rainfall and 
increased evaporation. These disturbances in the existing global water dis- 
tribution balance would have dramatic impact on soil moisture, and in turn, 

on agriculture. Recently, Manabe et al., using GCM's calculated that the 
zonal mean value of soil moisture in summer declines Significantly in two 
separate zones of middle and high latitudes in response to an increase in the 
CO. concentration of air. This CO, induced summer dryness results not 

onty from the earlier ending of thé snowmelt season, but also from the earlier 
occurrence of the spring to summer reduction in rainfall rate. The former 
effect is particularly important in high latitudes, whereas the latter effect 
becomes important in middle latitudes. Other statistically significant 
changes include large increases in both soil moisture and runoff rates at high 
latitudes during most of the annual cycle with the exception of the summer 
season. The penetration of moisture rich, warm air into high latitudes is 
responsible for these increases. 


The state-of-the-art in climate modeling allows only gross global zoning 
while some of the expected results from temperature increases of the magnitude 
indicated are quite dramatic. For example, areas that were deserts 4,000 to 
8,000 years ago in the Altithermal period (when the global average temperature 
was some 2 °C higher than present), may in due time return to deserts. 
Conversely, some areas which are deserts now were formerly agricultural 
regions. It is postulated that part of the Sahara Desert in Africa was quite 
wet 2,000 to 8,000 years ago. The American Midwest, on the other hand, was 
much drier, and it is projected that the Midwest would again become drier 
should there be a temperature increase of the magnitude postulated for a 
doubling of atmospheric co, (see Figure 7). 


In addition to the effects of climate on global agriculture, there are some 


potentially catastrophic events that must be considered. For example, if 
the Antarctic ice sheet which is anchored on land should melt, then this 


EC=11-5/A9 


= 1 


could cause a rise in sea level on the order of 5 meters. Such a rise would 
cause flooding on much of the U.S. East Coast, including the State of Florida 
and Washington, D.C. The melting rate of polar ice is being studied by a 
number of glacialogists. Estimates for the melting of the West Anarctica ice 
Sheet range from hundreds of years to a thousand years. EtKins and Epstein 
observed a 45 mm raise in mean sea level. They account for the rise by 
assuming that the top 70 m of the oceans has warmed by 0.3°C from 1890 to 
1940 (as has the atmosphere) causing a 24 mm rise in sea level due to thermal 
expansion. They attribute the rest of the sea level rise to melting of polar 
ice. However, melting 51 Tt (10 “ metric tonnes) of ice would reduce ocean 
temperature by 0.2°C, and explain why the global mean surface temperature 
has not increased as predicted by co. greenhouse theories. — 


In an American Association for the Advancement of Science (AAAS) and Department 
of Energy (DOE) sponsored workshop on the environmental and societal conse- 
quences of a possible CO induced climate change, other factors such as the 
environmental effects of CO, concentration on weeds and pests were considered. 
The general consensus was that these unmanaged species would tend to thrive 
with increasing average global temperature. The managed biosphere, such as 
agriculture, would also tend to benefit from atmospheric CO. growth. This is 
a consequence of CO, benefiting agriculture, provided the other key nutrients, 
“phosphorous and nitfogen, are present in the right proportions. Agricultural 
water needs can be met by new irrigation techniques that require less water. 
In addition, with higher CO. and higher temperature conditions, the amount 

of water needed by agricultGral plants may be reduced. It is expected that 

. bioscience contributions could point the way for dealing with climatological 
disruptions of the magnitude indicated above. As a result of the workshop, 
research in 11 areas was recommended: 


CO, fertilization could have broad beneficial effects on agricul- 
tufe. . These effects need to be studied in detail and for a variety 
—.of plant, soil and climatic conditions. 


1. 


2. There is a need for a fuller understanding of the dynamics of cur- 
rents and water masses in the Arctic Ocean. 


3. .It is necessary to determine whether there was deglaciation of the 
West Antarctic ice sheet about 120,000 years ago and whether this 
caused a rise in global sea levels at that time. If this occurred, 
then the information could serve as an analog of future deglaciation. 


4, It is necessary to develop and use scenarios which integrate (a) 
information about population, resources, energy consumption and fuel 
mixes; (b) buildup of atmospheric CO ; (c) response of the climate 
system; (d) effects on various biological systems, especially agri- 
cultural, economic and social consequences, international and 
interregional conflicts; and (e) possible feedback among these 
forces. 
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CO. induced warming is predicted to be much greater at the polar 
regions. There could also be positive feedback mechanisms as de- 
posits of peat, containing large reservoirs of organic carbon, are 
exposed to oxidation. Similarly, thawing might also release large 
quantities of carbon currently sequestered as methane hydrates. 
Quantitative estimates of these possible effects are needed. 


Although all biological systems are likely to be affected, the most 
severe economic effects could be on agriculture. There is a need to 
examine methods for alleviating environmental stress on renewable 
resource production — food, fiber, animal, agriculture, tree crops, 
etc, 


Information exists on the relationship of cultivated and non- 
cultivated biomes to climatic fluctuations. Similarly, there is 
considerable information on the response of various nations and 
economic sectors to climatic variations over the past few hundred 
years. This information, which is currently scattered and not 
uniformly presented or calibrated, is thus of limited usefulness. 


Studies of climate effects are recommended for the semi-arid tropics 
because of the relatively large populations in these countries and 
because of special sensitivity to climate. 


There are situations (soil erosion, salinization, or the collapse of 
irrigation systems) which are recommended for study as indicators of 
how societies respond, and how they might learn to cope and adapt 
more effectively to a shift in global climate. 


Research is recommended on the flow of information on risk percep- 
tion and decision making to and from both laymen and experts, the 
physiological aspects of understanding and perception, and the 
factors that influence decision making. 


There is a need to be sure that "lifetime" exposure to elevated CO 
poses no risks to the health of humans or animals. Health effects 
associated with changes in the climate sensitive parameters, or 
stress associated with climate related famine or migration could be 
significant, and deserve study. 


of the societal and institutional responses to an increase in CO 


’ 
the AAAS-DOE workshop participants felt that society can adapt to the incfease 
in CO. and that this problem is not as significant to mankind as a nuclear 
holocaust. or world famine. Finally, in an analysis of the issues associated 
with economic and geopolitical consequences, it was felt that society can 


adapt to 
the time. 


a CO, increase within economic constraints that will be existing at 
‘Sofie adaptive measures that were tested would not consume more than 


a few percent of the gross national product estimated in the middle of the 
next century. 
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Major Research Programs Underway 


The Department of Energy (DOE) which is acting as a focal point for the U.S. 
government in this area is planning to issue two reports to the scientific 
community and to policy makers. The first one, summarizing-five years of 
study is due in 1984, and the second one in 1989. The current plan is to 
invest approximately 10 years of research and assessment prior to recommending 
policy decisions in this area which impact greatly on the energy needs and 
scenarios for the U.S. and the world. The strategic elements of the United 
States national total CO, program are summarized in Figure 8. 

Much of the government sponsored effort to date has focused on delineating 
the research needed to enhance our understanding of the potential problems. 
Accordingly, a number of workshops and symposia were held to this end. The 
consensus of the key research needs is summarized in Figure 8 under the 
heading "Research Program Results." To date, most of the research effort has 
been concentrated on the first two research categories. It should be noted, 
however, that this research started in 1979 and there are few results to 
report. The most ambitious project being conducted at this time is called 
"Transient Tracer in the Ocean (TTO)." This research, jointly funded by the 
_ DOE and the National Science Foundation (NSF), is a 4M$ project to investigate 
- ocean mixing processes in order to enhance the understanding of how surface 
water CO, is mix¢gd into the dgep oceans, Tracers normally found in the 

ocean, such as C, ~H, “He, Kr and ~’Ar, are monitored in the North 
Atlantic Ocean from oceanographic vessels. 


In addition to the mixing of surface waters into the bottom layers, carbon can 
be added to deep waters by the oxidation of organic matter and the dissolution 
of calcium carbonate. In order to separate these three processes and deter- 
mine their relative significance, precise total carbon dioxide, alkalinity, 
and calcium concentration data are needed to construct and test mathematical 
models. Preliminary analysis of the limited data indicates that (1) lateral 
processes dominate the distribution of calcium and inorganic carbon in the 
deep oceans away from the polar regions, (2) the amount of calcium carbonate 
dissociated in the deep oceans is only a fraction of the previously estimated 
value, and (3) the excess CO, may have penetrated farther into the deep 
oceans than the currently available models predict. 


Ultimately, CO. in the air should find its way into the deep ocean sedi- 
ments. As curfently understood, the deeper sediments have thus far been 
little affected by the fossil fuel era because of the slow mixing of the 
ocean. A group of scientists examined the contention that some shallow water 
sediments could now be dissolving and thus providing a sink for atmospheric 
CO., and concluded that the extent of dissolution is not great enough to 

haGe a large effect on the global carbon cycle. 


It would bé helpful if reliable estimates of the CO, concentration in the air 
could be obtained for the years prior to 1957, when the modern measurements 
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began. Old Smithsonian Astrophysical Observatory plates of the solar spectrum 
taken in the early twentieth century might provide such an opportunity if they 
could be properly interpreted. A method for reducing the data has been 
developed and estimates of the CO, concentration should be available next year. 
As mentioned previously, determination of the CO, concentrations prior to 

the Industrial Revolution would help ascertain the validity of climate models, 
and thus the likely temperature due to a doubling of atmospheric CO... 


Groups in Europe have used Antarctic and Greenland ice cores to independently 
estimate the CO. conéentravions in the more distant past. While it is 
difficult to measure the CO, content of the dated ice cores, the results 
suggest that the atmospheri& CO. concentration during the height of the last 
ice age (about 18,000 years agos may have been about half its present value. 
This is consistent with recently published speculations derived from examina-. 
tion of the composition of ocean sediment cores. 

There are currently approximately 40 carbon cycle and climate research pro- 
jects in about 25 different institutions. Many of these projects are either 
supported jointly by the DOE and other agencies or exclusively by other 

- agencies. The 1982 Federal budget request for CO research was 23.9M$. The 

- DOE, as the lead agency, would be allocated 14.0M$, NSF 6.4M$, NOAA 2.5M$, and 
“the Department of Agriculture 1.0M$. - 


- Future Energy Scenarios and Their Potential Impact on Atmospheric Carbon 
Dioxide a; 


A number of future energy scenarios have been studied in relation to the CO, 
problem. These include such unlikely scenarios as stopping all fossil fuel 
combustion at the 1980 rate, looking at the delay in doubling time, and 
maintaining the pre-1973 fuel growth rate. Other studies have investigated 
the market penetration of non-fossil fuel technologies, such as nuclear, and 
its impact on CO.. It should be noted, however, that fuel technology would 
need about 50 years to penetrate and achieve roughly half of the total market. 
Thus, even if solar or nuclear technologies were to be considered viable 
alternatives, they would not really displace fossil fuel energy for the next 
40 to 50 years, and CO, growth would have to be estimated based on realistic 
market displacement ofthe fossil fuel technologies. 


A draft report from Massachusetts Institute of Technology (MIT) and Oak Ridge 
(ORNL) authored by D. Rose and others considered the societal and techno- 
logical inertia vis a vis decision making on the CO, issue. The CO, problem 
was considered as the major potential constraint on”fossil fuel use. It was 
estimated in the study that the CO. problem may curtail fossil fuel use 
before physical depletion occurs. “Considerable effort was devoted in the 
study to "option space," i.e., what are the potential energy alternatives, 
how long would it take to introduce them, and what type of material resources 
would be needed for effective market penetration. On reviewing the report we 
addressed only the technical questions relating to CO., and did not evaluate 
the plausibility of the scenarios relating to energy use in the future. 
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The study considered the implications of limiting atmospheric CO. at two 
different levels: 


1. Rate of co, addition to the atmosphere be limited to 450-500- ppm in 
50 years. 


2. The concentration ceiling for atmospheric CO, be in the range of 
2 
500-1000 ppm. 


The rationale for choosing these limits is economic. If the rate of CO 
increase is too rapid, then society may not be able to economically adapt to 
the resulting climate change. The second limit is based on a level where the 
i due to CO. would greatly exceed the societal benefits that produced the 

The second limit can be illustrated as an assumed threshold for inducing 
aot irreversible harm to our planet, such as causing a large ocean level 
rise due to melting polar ice. In addition to improving the use of energy 
sources aS a means of gaining time to understand the problem, it was concluded 
that ‘vigorous development of non-fossil energy sources be initiated as soon as 
possible. — 


_ The study appears to be based on reasonable assumptions but has an inherent 
bias towards the accelerated development of non-fossil energy sources which, 
based on the present state-of-the-art, implies nuclear energy. 


In his analysis, Rose introduced the concept of AIT (action initiation time), 
defined as the time when policies to modify or restrain fossil fuel use 
actually start to be effective. Based on this concept, Rose projects non- 
fossil growth rates of 6 to 9%/a over 40 to 50 years in order to limit atmo- 
spheric CO. to 500 to 700 ppm. These rates can be put in perspective by 
noting that such growth rates were achieved for natural gas introduction. 
However, nuclear or solar sources would have severe restrictions because 

such technologies are not as economically and politically attractive, techno- 
logically straightforward, and are encountering social and environmental 
opposition. In addition, Rose points out that the rate of growth of manufac- 
turing facilities required to achieve a 6-9%/a growth rate in non-fossil fuel 
power generation is so large that it would be equivalent to increasing each 
year the U.S. power equipment manufacturing capability by an amount equivalent 
to the current capacity. 


The study also indicated that other energy—-use-related greenhouse gases (viz. 
carbon monoxide, methane, and oxides of nitrogen) may significantly contribute 
to a global warming. We believe the contribution of these gases to a global 
warming is highly speculative. Furthermore, N,0, the only oxide of nitrogen 
that could contribute to a global warming is produced primarily by the micro- 
bial oxidation of ammonia from fertilizer use, and to a lesser extent from the 
combustion of fossil fuels. Additionally, N.O is more reactive than CO, 

and is expécted to have a relatively shorter atmospheric residence time. In 
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a similar vein, methane is primarily emitted to the atmosphere via the 
anaerobic fermentation of organic material. The contribution of anthropogenic 
activities (mining, industrial processes, and combustion) are 1% to 10% of the 
total atmospheric methane sources. The atmospheric destruction of methane is 
more rapid than that of CO,, and tends to yield CO, water vapor and formalde- 
hyde. Also, methane is believed to contribute to tropospheric ozone formation 
by oxidizing to CO,. The CO in the atmosphere can be traced to anthopogenic 
sources (50 to 60%5 and to the atmospheric oxidation of methane (30%). The 
major CO sink is oxidation (70 to 90%) to CO,. One can therefore consider 

CO and methane as precursors to CO,. Accordingly, CO and methane ultimately 
contribute to climatological effects as part of atmospheric CO,. The N.O, 

on the other hand, may not be directly related to fossil fuel combustion. One 
should question whether the other "greenhouse" gases should be considered part 
of the CO, problem in view of the uncertainties regarding their connection 

to energy-use. It is not clear, at this time, whether their effect would be 
additive to CO,. ° 


‘ 


Forecast Based on Fossil Fuel Projected in Exxon's Long Range Energy Outlook 


_ As part of the Exxon 21st Century Study, the rate of fossil fuel CO, emis- 
sions was estimated in late 1981. Specifically, the "High Case" volumetric 
data provided by the Corporate Planning Department was used to estimate the 
potential growth of atmospheri¢ CO.. The volumetric data was converted to 

an energy basis (Quads/a = 10° BtG/year) using 5.55 MBtu/B for U.S., 5.64 
MBtu/B for Canada and 5.85 MBtu/B for all other countries. In addition, a 
shale processing loss was added using a constant rate of 27.5% of the primary 
energy consumption from shale. This was based on the assumption that above 
ground retorting of relatively high quality oil shale (>30 gallons/ton) would 
be recovered with a thermal efficiency of 80%, and in-situ recovery of rela- 
tively poor oil shale (>15 gallons/ton) would be accomplished with a thermal 
efficiency of 65%. These efficiencies were averaged over the U.S. resource 
base to arrive at 72.5%. Table 1 summarizes the primary energy consumption of 
- fossil fuels. 


The total carbon dioxide that can be emitted from primary fossil fuels was 
estimated using the following factors: 


Oil = 170 lb cO,/MBtu = 21.0 MtC#/Quad. 
Gas = 115 1b CO,/MBtu = 14.2 MtC/Quad. 
Coal = 207 1b CO,/MBtu = 25.6 MtC/Quad. 


In addition, the quantity of carbon dioxide that could be emitted from the 
decomposition of carbonate minerals in processing U.S. oil shale was estimated 
by averaging this potentially large CO, source over the Green River forma- 
tion resource base. It should be noted that poorer shale resources tend to 


* MtC = million metric tons of carbon. 
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Year 


Oil 

3 UsB« 
Canada 
Others 


Total 


Gas 
U.S 
Canada 
Others 


Total 


Coal 

" UseB« 
Canada 
Others 


Total 


Fossil Fuels 


World Total 


Rate %/a 


267.09 


PRIMARY ENERGY CONSUMPTION OF FOSSIL FUELS 
2lst CENTURY STUDY--HIGH CASE 


1.90 


328.38 


Quads/a 


2000 


394.49 


451.71 


36.35 
6.09 
148.57 
191.01 
16.87 
4.38 
99.65 
120.90 
43.17 
3.62 
175.55 


222.54 


534.45 


0.81 
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emit much more CO. from carbonate minerals than the more desirable high 
quality resources for the same quantity of shale oil produced. It was further 
assumed that 65% of the carbonate minerals decompose during processing. This 
very conservative assumption is based on the average of 100% decomposition 
that may occur in "hot spots" during in-situ recovery and 30% decomposition 
that is generally observed in above ground retorting. Table 2 summarizes the 
total CO. produced in GtC/a. Please note that CO, emissions resulting 

from CO,“mixed with natural gas in producing wells can be substantial, but 
due to the unavailability of quantitative data this factor was assumed to 
contribute about 5% additional CO. currently rising to 15% in the year 2050. 
This trend of cO., contamination of natural gas is consistent with recent Exxon 
experience. 


The contributions of shale oil to primary fossil fuel energy and primary 
fossil fuel carbon are summarized in Table 3. This table shows that the 
fraction of shale oil CO. emissions to total CO. is greater”~than the 
corresponding contributién of shale oil energy fo total energy. Table 3 also 
indicates the breakdown between CO. generated in producing and consuming 
shale oil, and that due to carbonate mineral decomposition. 


Table 4 presents the estimated total quantities of CO, emitted to the 

- environment as GtC, the growth of CO, in the atmosphefe in ppm (v), and 

- average global temperature increase In ~C over 1979 as the base year. In 
order to estimate the buildup of atmospheric CO., it was assumed that the 
average atmospheric CO, concentration was 337 pbm in 1979. ‘he fraction of 
co, accumulated in the atmosphere was assumed to be 0.535 of the total fossil 
fuél CO.. This number is derived from the observed historic ratio of total 
atmosphéric CO.. to total fossil fuel CO.. Inherent in this number is the 
assumption that biomass and cement prodfiction did not contribute to atmospheric 
CO.. It should be noted, however, that this method of calculation would 

tefid to predict total anthropogenic CO. as long as the ratio of biomass and 
cement manufacture to fossil fuel constmption remains constant. The average 
temperature increase since 1979 was estimated, assuming that a doubling of 

CO. would cause an average global temperature increase of 3.0 + t.5°C. It was 
alSo assumed that fossil fuel carbon would grow at a rate of 0.8%/a between 
2050 and 2080, which is a reasonable decrease from the 0.97%/a rate projected 
between 2030 and 2050. The following section analyzes the implications of the 
temperature rise due to CO., doubling with respect to initial detection of a 
greenhouse effect. 


One variation of the High-Case scenario was considered. It was assumed that 
adequate quantities of oil and gas would be discovered to exactly match those 
estimated to be produced from synthetic fuels in the High Case scenario, and 
thus balance the primary energy needs of the 21st Century Study. The net 
quantity of carbon that would be saved is summarized in Table 5. The implica- 
tions of the synfuel losses are compared with the High Case in Figure 3. The 
overall impact is relatively minor. 
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“TABLE 2 


PRIMARY CARBON DIOXIDE™ (AS CARBON) FORMATION FROM FOSSIL FUELS 


-00 


.21st CENTURY STUDY--HIGH CASE 


GtC/a 
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CARBON DIOXIDE (AS CARBON) PRODUCTION 


Year 


U.S. Shale, Quads/a 


Other Shale 
Total 


% Primary Shale Energy/Primary 
Fossil Fuels Energy 


Shale Carban, GtC/A 
Carbonate Carbon 


.Total 


% Primary Shale Carbon/Primary 
Fossil Fuel Carbon 


TABLE 3 


OIL SHALE LIQUID FUELS . 
PRIMARY ENERGY CONSUMPTION AND 


21st CENTURY STUDY--HIGH CASE 


1990 


1.01 
0.21 


5.55 
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Year 


1979 
1990 
2000 
2015 
2030 
2050 
2080 


2090 


TABLE 4 


ESTIMATED ATMOSPHERIC CO? CONCENTRATION AND 
AVERAGE TEMPERATURE INCREASE. 
21st CENTURY STUDY--HIGH CASE 


Emitted, Gtc 


te CA CERT ORES BERING URESAAREEY EAST ENGL MRS See ‘ 
Incremental . Cummulative 


69.3 69.3 
Wa 146.5 
137.5 284.0 
163.3 447.3 
263.5 710.8 
490.6 1201.4 


191.3 1392.7 


Atmospheric Average 
Stored in Atmosphere,.GtC Concentration ms Temperature 


Incremental Cummulative Incremental Cummulative Increase, °C 
a a Lee Sees eet ceases 


¢ 


~~ 715 ~~ 337 : 0 
tick 752, 17.5 355 0.22 
| ne CE 19.5 374 0.45 
73.6 867 34.7 409 0.84 
87.4 954 ‘41.2 “450 1.25 * 
141.0 1095 66.5 516 1.84 
262.5 1358 123.7 640 2.78 
102.3 1160s. 688 3.09 


‘TABLE 5 


' ESTIMATED INCREMENTAL CO 7 CONTRIBUTION FROM 
SYNTHETIC FUELS TO ATMOSPHERIC CO2 CONCENTRATION 
AND AVERAGE GLOBAL TEMPERATURE INCREASE 


GtC/a 
Year . ~ 1990 2000 2015 2030 2050 2080 
Shale Loss 9.004 0.025 0.069 0.114 0.181 
Carbonate Decomposition 0.013 0.047 0.186 0.267 0.398 
Total Shale 0.017 0.072 0.255 0.381 0.579 
Coal Loss | 0.018 0.067 0.136 0.276 0.535 
Total Synfuels Loss 0.035 0.139 0.391 0.657 1,006 2 
Rate t/a ‘ 14.8 , i Res 3.5 264 2.0 
Incremental CO,, GtC - 0.80 3.73 7273 17.38 45.79 
Cummulative CO+, Gtc - 0.80 4.53 . 12.26 29.64 . 5043 
Incremental Atmospheric CO, ppm - 0.2 0.9 1.9 4.4 11.5 
Cummulative Atmospheric CO4, ppm - 0.2 a Fy 7.5 19 
Net Atmospheric CO., ppm 355 374 407 .446 506 ‘616 


Average Temperature Increase, °C 0.22 0.45 0.82 1.21 1.76 2.61 
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Detection of a co, Greenhouse Effect 


EEE 


It is anticipated by most. scientists that a general consensus regarding the 
likelihood and implications of a CO” induced greenhouse effect will not be 
reached until such time as a significant temperature increase can be detected 
above the natural random temperature fluctuations in average global climate. 
These fluctuations are assumed to be +0.5C. The earliest that such dis- 
creet signals will be able to be measured is one of the major uncertainties of 
the CO. issue. : 

A number of climatologists claim that they are currently measuring a tempera- 
ture signal (above climate noise) due to a CO, induced greenhouse effect, 
while the majority do not expect such a signal to be detectable before the 
year 2000. In order to quantify the implications of detecting a greenhouse 
effect now, as opposed to the year 2000, estimates were made on temperature 
projections as a function of the CO concentration .that existed prior to the : 
Industrial Revolution. Available data on CO, concentration prior to the 
Industrial Revolution tend to fall into two groups: 260 to 270 ppm or 290 to 
300 ppm. In Table 6, possible temperature increases were estimated as a 
function of initial CO. concentrations of 265 and 295 ppm. Temperatures 

- were projected for thrée cases, viz., (1) a temperature increase of 3 C 

- oceurs if current CO. concentration doubles, (2) the greenhouse effect is 
detectable now (19799, and (3) the greenhouse affect is detected in the year 
2000. 


One can see in Table 6 that if a doubling of atmospheric CO, will cause a 3c 
rise in temperature, then we should have seen a temperature increase above 
climate noise if initial CO. concentration was 265 ppm, or be on the threshold 
of detecting such an effect™now, if the initial concentration was 295 ppm. If 
we assume that we are on the threshold of detecting a greenhouse effect, then 
the average temperature due to a doubling of CO. will be 1.9°C for an initial 
co. concentration of 265, or 3.1 C for an initif1 concentration of 295 ppm. 
Fifially, if the greenhouse effect is detected in the year 2000, then the 
doubling temperature for initial CO. concentrations of 265 and 295 ppm will be 
1.3. and 1.7 C, respectively. Based on these estimates, one concludes that a 
doubling of current concentrations of CO, will probably not cause an average 
global temperature rise much in excess of aC, or the effect should be 
detectable at the present time. Alternatively, if the greenhouse effect is 
not detected until 2000, then the temperature due to a CO, doubling will 
probably be under 2°C. Using the Exxon 21st Century Study as a basis for 
fossil fuel growth patterns, the average global temperature increases due to 
CO. would range between 0.8 and 1.6 C by 2030. A doubling of atmospheric CO 
wollld be extropolated from the fossil fuel consumption rates of the 21st Century 
Study to occur at about the year 2090 with the temperature increase ranging 
between 1.3. and 3.1.C. The projected range presented above is considerably 
lower than.the generally accepted range of 1.5 to 4.5°C. Figure 9 illustrates 
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EFFECT OF PRE-INDUSTRIAL ATMOSPHERIC CO? CONCENTRATION ON 
GLOBAL AVERAGE TEMPERATURE INCREASE 
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"Temperature, Oc 
Atmospheric CO2 Time - Doubling ~2090 Detected 1979 Detected 2000 


Concentration, ppm (Instantaneous 265 295 Ct 265 225 265 295 
Equilibrium) — 

1,000 2140 4.3 44 2.8 4.6 ° 1.9 2,5 

800 } ~2110 3.6 - 3.6 2.3 7.7 1.4 2.1 

674 (Doubling) #2090 (4 3.0 3.0 ia 3.1 1.3 i.7 

451 2030 tee Bes 1.1 1.6 0.8 0.9 

375 2000 1.1 0.9. 0.7 0.9 , C8 0.5 

337 (Current) 1979 0.8 0.5 0.5. 0.5 0.3 0.3 

295 ~1850 0.3 0 U2 0 0.2 0 


265 ~1850 0 = ' 0 - 0 - 


Change of global mean temperature - K 
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Figure 9 


Range of Global Mean Temperature From 1850 to the Present 
with the Projected Instantaneous Climatic Response to 
a = - - Increasing CO) Concentrations. 
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the behavior of the mean global temperature from 1850 to the present, contained 
within an envelop scaled to include the random temperature fluctuations, and 
projected into the future to include the 1.3” to 3.1 C range of uncertainty 
noted above for the CO, effect. = : 
Depending on the actual global energy demand and supply, it is possible that . 
some of the concerns about CO. growth due to fossil fuel combustion may be 
reduced if fossil fuel use is decreased due to high price, scarcity, and 
unavailability. 


The above discussion assumes that an instantaneous climatic response results 
from an increase in atmospheric CO, concentration. In actuality, the 
temperature effect would likely lag the CO, change by about 20 years because 
the oceans would tend to damp out temperature changes. 


Given the long term nature of the potential problem and the uncertainties 

- involved, it would appear that there is time for further study and monitoring 
before specific actions need be taken. At the present time, that action would 
likely be curtailment of fossil fuel consumption which would undoubtedly 
seriously impact the world's economies and societies. Key points needing : 
-better definition include the impact of fossil fuel combusion and the role of 
the oceans in the carbon cycle and the interactive effect of carbon dioxide 
and other trace atmospheric gases on climate. 
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